Testing small molecules for their ability to modify cysteine residues of proteins in the early stages of drug discovery is expected to accelerate our ability to develop more selective drugs with lesser side effects. In addition, this approach also enables the rapid evaluation of the mode of binding of new drug candidates with respect to thiol reactivity and metabolism by glutathione. Herein, we describe the development of a fluorescence-based high-throughput assay that allows the identification of thiol-reactive compounds. A thiol-containing fluorescent probe, MSTI, was synthesized and used to evaluate small molecules from the Library of Pharmacologically Active Compounds (LOPAC) collection of bioactive molecules. LOPAC compounds that are known to react with sulfur nucleophiles were identified with this assay, for example, irreversible protease inhibitors, nitric oxide-releasing compounds, and proton-pump inhibitors. The results confirm that both electrophilic and redox reactive compounds can be quickly identified in a high-throughput manner, enabling the assessment of screening libraries with respect to thiol-reactive compounds.
Introduction
Confirmation of activity and selectivity of hit molecules identified by high-throughput screening (HTS) is an essential part of drug discovery. Especially for inhibitor screens, this often results in hundreds to thousands of hit molecules. The characterization of these molecules by secondary screens, which are not always amendable to a higher throughput format, leads to a bottleneck in the discovery pipeline. Frequently, these hit molecule selections contain a large number of promiscuous inhibitors that have a very poor outcome in the following steps of drug discovery. Multiple underlying nonspecific mechanisms have been identified for these inhibitors, such as aggregation, 1 redox activity, 2 protein modification, 3 and compound interference with the assay signal. 4 High-throughput assays have been developed to detect compound aggregation 5 and redox active compounds. 6 The application of alternative detection methods such as different fluorescent dyes or luminescence can be used as a secondary assay to rule out false-positive HTS hits based on signal interference. Finally, cheminformatics with promiscuity/reactive functionality filters are often applied to identify reactive molecules among hit compounds. [7] [8] [9] [10] [11] [12] Importantly, some Food and Drug Administration (FDA)-approved drugs would be filtered out by these filters such as irreversible H + , K + -ATPases, inhibitors for duodenal and gastric ulcers.
Currently, HTS assays that determine the electrophilic properties of small molecules-and thus the ability to react with naturally occurring thiols-have yet to be fully developed. One of the few approaches is a competitive binding assay using glutathione and fluorescein-5-maleimide. 13 Although, this assay could be adapted to high throughput, it does not allow for the differentiation between electrophilic compounds that react with glutathione and nucleophilic compounds that react with fluorescein-5-maleimide. In addition, many screening compounds interfere with the yellow/green fluorescence detection at 480/520 nm. 4 More recently, another lower throughput method has been developed using heteronuclear single quantum coherence (HSQC) nuclear magnetic resonance (NMR) by monitoring the 13 C shift of small molecules that bind to the thiols in a La antigen protein.
14 As such, there is still a great need for a simple high-throughput method that can accurately assess the thiol-binding abilities of small molecules.
Herein we present the development of a fluorescencebased (E)-2-(4-mercaptostyryl)-1,3,3-trimethyl-3H-indol-1-ium (MSTI) assay that enables the identification of thiol-reactive small molecules in a high-throughput manner. In contrast to the very low-throughput detection of small molecule-glutathione adducts using high-performance liquid chromatography (HPLC), we have developed a nucleophilic fluorescent probe, with discreet fluorescence at 510/650 nm. The MSTI assay enables the detection of thiolreactive compounds in a multiwell plate format in contrast to many reported fluorescent sulfur-based probes that have been developed for the detection of thiol-disulfide equilibria in biological samples. [15] [16] [17] To our knowledge, the MSTI assay enables researchers to detect thiol-reactive compounds within large screening libraries for the first time. Strong electrophilic drug candidates can represent a liability in drug discovery because of their elevated toxicity in cell-based assays and in vivo studies. These compounds can form nonspecific protein interactions, cause allosteric structural protein changes, and deplete glutathione levels, which are essential for the redox chemistry of the cell. 18 Using the MSTI assay, these promiscuous inhibitors can be identified in a high-throughput manner and eliminated at an early discovery stage of drug discovery.
Material and Methods Materials
All materials were used as they were received, with no further purification (J. T. Baker, Phillipsburg, NJ). Phosphate-buffered saline (PBS) was prepared in 1-L batches using 18 (
E)-2-(4-(acetylthio)styryl)-1,3,3-trimethyl-3H-indol-1-ium (acetyl-MSTI).
(15) 4-(S-Acetylthio)benzaldehyde (0.200 g, 1.11 mmol) was dissolved in 10 mL acetic anhydride, and then 1,2,3,3-tetramethyl-3H-indolium iodide (0.330 g, 1.11 mmol) and sodium acetate (0.09 g, 1.11 mmol) was added. Stirring was continued at room temperature for 12 h, and then solvent was removed by vacuum. The solid was washed with diethyl ether (20 mL), then toluene (20 ml 13 C NMR characterization of the reduced thiol was problematic even at high concentration due to oxidation and precipitation and the longer acquisition time needed for 13 C NMR. 16 
MSTI Assay
In the preparation of the "compound plate," 15 µL of the 10-mM solution of small molecules in DMSO were dispensed in a 384-well polystyrene plate filling rows 1 to 18. A second 384-well polystyrene plate, which can be used as "control plate," had rows 19 to 24 filled with 15 µL DMSO. Acetyl-MSTI was dissolved in methanol as a 10 mM solution and added to a PBS buffered solution at pH 12 with 50% methanol in a ratio of 1:10. After stirring for 2 min, the solution was diluted with PBS at pH 7.4 with 2% DMSO, 0.01% NP40, and 5% methanol to form a 30-µM solution of MSTI at pH 7.4. Next, 20 µL of the 30-µM solution was dispensed in rows 1 to 23 (black polystyrene "assay plate").
A 30-µM solution of aceyl-MSTI (positive control) was made in the same buffer, and 20 µL of this solution was dispensed to the assay plate (row 24). With the Tecan liquid-handling system, 100 nL from the compound plate and 100 nL from the control plate were transferred into the assay plate using the pin transfer tool. The assay plate was then centrifuged for 2 min at 1000 rpm, covered with the aluminum cover, and put on the plate shaker for agitation during the incubation period. After 30 min of incubation, the assay plate was once again centrifuged for 2 min at 2000 rpm to ensure a uniform liquid surface during the reading. The assay plate was then read for fluorescent intensity using the Tecan M1000 plate reader. An excitation wavelength of 510 nm and emission wavelength of 650 nm with a bandwidth of 20 nm and 10 nm, respectively; 100 flashes; 25-µs integration time; optimized gain; and z-position (optimized to the 30-µM MSTI solution) were used for the quantification of the fluorescence signal. The Z′ value for the assay was then calculated using MSTI as the negative control (0% binding) and acetyl-MSTI as the positive control (100% binding). 20 The percent binding of the small molecules at a concentration of 100 µM was reported as normalized response.
Results
To detect thiol-reactive compounds, and thus electrophiles, we designed a fluorescent probe that exhibits different spectroscopic properties in the nucleophilic state and as a conjugate with electrophiles. Therefore, an aromatic nucleophilic thiol functionality was connected to a conjugated π-system of a fluorophore. We chose an indolium dye and thiophenol to compose (E)-2-(4-mercaptostyryl)-1,3,3-trimethyl-3H-indol-1-ium (MSTI; Fig. 1A) . At a pH of 6.0 and higher, MSTI exists as an anion, as shown by the unchanged absorbance signal over a pH range (Fig. 2B) . After the addition of an electrophile, such as 2-iodoacetamide, MSTI forms a covalent adduct (Fig. 1A) . We isolated the conjugate of MSTI and 2-iodoacetamide and characterized it by 1 H-NMR, MS, and spectroscopic analysis (see supplementary material). Importantly, the conjugate has significantly different spectroscopic properties that allow the differentiation of MSTI and MSTI-conjugate using fluorescence.
MSTI, like all thiophenols, is oxygen sensitive and rapidly forms disulfides in non-degassed solvents. Our attempts to store MSTI for a prolonged time in the reduced form as a solid or in solution were not successful. Similar difficulties have been reported for fluorescent thiophenols. 16 Nevertheless, we characterized MSTI by mass spectrometry and 1 H-NMR. MSTI was synthesized from acetyl-MSTI under alkaline condition, and acetyl-MSTI was in turn synthesized from 4-formylbenzyl thioacetate and 1,2,3,3-tetramethyl-3H indolium iodide (see supplementary material for the reaction scheme).
Acetyl-MSTI is stable as a solid as well as in solution and represents an excellent precursor for MSTI. Therefore, MSTI was generated in situ from acetyl-MSTI for screening purposes. A 10-mM methanol solution of acetyl-MSTI was diluted in degassed PBS with 50% by volume methanol solution at pH 12 and stirred for 2 min. After that time, the solution became purple in coloration, and more than 80% of acetyl-MSTI was converted into MSTI as determined by absorbance, fluorescence (Fig. 1B,C) , and LC/MS (see supplementary material).
At a concentration of 500 µM in PBS, MSTI at pH 12.0 and acetyl-MSTI at pH 7.4 showed a strong and different absorbance spectrum. After changing the pH of the MSTI solution from 12.0 to 7.4, no change of the absorbance spectra was observed. The maximal absorbance (λ max ) of acetyl-MSTI was measured at 384 nm, whereas MSTI λ max was 526 nm (Fig. 1B) . This absorbance shift was very likely responsible for the appearance of a pink color for the MSTI solution. The fluorescence emission range, between 530 and 750 nm for both compounds at an excitation wavelength of 510 nm, was measured for 100 µM MSTI and 200 µM acetyl-MSTI, respectively. The gain optimization function of the instrument (Tecan M1000) automatically adjusts the highest fluorescence value between 40 000 and 50 000 units. The λ max fluorescent emission was 562 nm for acetyl-MSTI, and a broad emission peak between 550 and 700 nm was observed for MSTI (Fig. 1C) . Because MSTI was generated in situ from acetyl-MSTI, around 20% of acetyl-MSTI remained, which was responsible for the first emission peak at 562 nm in the emission spectra of MSTI. However, a large fluorescence emission difference for MSTI and acetyl-MSTI was observed beyond 600 nm.
To optimize the fluorescence signal, the composition of the buffer was studied by monitoring the absorbance while varying the buffer reagent, pH, ionic strength (concentration of sodium chloride), or the concentration of MSTI (Fig.  2) . A 200-µM MSTI solution was used for these experiments. A similar absorbance in PBS (50 mM phosphate, 150 mM NaCl, pH 7.0) and Tris buffer (10 mM Tris base, 150 mM NaCl, pH 7.0) was observed for MSTI ( Fig. 2A) . At different pH values (pH 6-9) in PBS, MSTI showed only a marginal difference in absorbance with the highest values between pH 7 and 8 (Fig. 2B) . The optimal NaCl concentration was 150 mM, giving the highest absorbance for MSTI (Fig. 2C) . Finally, we measured the absorbance at 525 nm and fluorescence at 510/650 nm for MSTI in PBS (pH 7, 150 mM NaCl) at different concentrations (Fig. 2D) . Both absorbance and fluorescence intensity were linear between 0.01 and 125 µM MSTI. A relative standard deviation of <5% for the absorbance and fluorescence was observed for all concentrations used. From this study, it was determined that an acceptable Z′ value 20 of more than 0.6 can be achieved with as little as 30 µM MSTI in the presence of phosphate buffer (50 mM), pH 7, and 150 mM NaCl.
Many organic compounds have a limited solubility in water and are usually predissolved in DMSO before addition to a biochemical or cell-based assay. Increasing amounts of DMSO can greatly enhance the solubility of small molecules but may also influence the performance of an assay. The influence of DMSO in the presence of a subset of small molecules (Fig. 3B) at a concentration of 100 µM in phosphate buffer (50 mM, pH 7.4, 150 mM NaCl) and MSTI (30 µM) is illustrated in Figure 3 .
Compounds 1 to 6 changed the fluorescence intensity of MSTI, whereas compound 7 did not. Compound 1 has been investigated as proteasome inhibitor with lower micromolar cytotoxicity. 21 The mode of action of this compound has not been yet elucidated, but the formation of the conjugate of compound 1 and MSTI has been confirmed by MS (see supplementary material). Compounds 2 and 3 are from a series of 3-indolylmethanamines, which have been recently identified as the first irreversible inhibitors of the VDRcoactivator interaction. 22 The mode of action of these molecules includes the formation of an electrophilic species, which is believed to allosterically inhibit the interaction between VDR and coactivator proteins. The formation of adducts of compounds 2 and 3 with MSTI has also been identified by MS (see supplementary material). The electrophilic bisnitrile compound 4 was identified during the assay optimization. Compound 5 is rabeprazole, a proton-pump inhibitor that is known to form disulfide bonds with cysteine residues of H + , K + -ATPases. 23 Compound 6 was identified as an irreversible inhibitor of the thyroid receptor−coactivator interaction by forming an unsaturated ketone that alkylates a cysteine residue in the thyroid receptor-coactivator binding pocket. 24, 25 Finally, as a negative control, we used verapamil (compound 7).
Three different additives (methanol, DMSO, and NP40) and a combination of additives were investigated (Fig. 3A) .
In this study, 30 µM MSTI and compounds 1 to 7 (100 µM) in PBS (50 mM, pH 7.4, 150 mM NaCl) were incubated for 30 min and analyzed by fluorescence (510 nm/650 nm). As controls, MSTI (negative) and acetyl-MSTI (positive) were used and the fluorescence intensity was normalized to % MSTI signal. Interestingly, only small differences were observed for the compounds 1 to 7 in the presence of different buffer additives. Nevertheless, we prefer the addition of NP40 to circumvent the possibility of compound aggregation 1, 5, 26 and the addition of DMSO and methanol to enhance small-molecule solubility. Furthermore, different time points were investigated to confirm the time dependency of covalent bond formation between compounds and MSTI. All six active compounds showed a stronger alkylation after 30 min than immediately after the addition (Fig. 3C) . Compounds 2, 5, and 6 showed a further decrease of MSTI fluorescence after 1 h. The Z′ value of the assay changed very slowly in time, reflecting the oxygen sensitivity of MSTI. After 120 min, the Z′ value dropped below 0.6 (see supplementary material). Finally, for the investigation of compound concentrations, we observed a change of the MSTI signal for all six compounds in the presence of a higher concentration of compound (100 µM instead of 50 µM) (Fig. 3D) . Interestingly, no further changes of the signal were observed at the highest compound concentration used (150 µM). In addition, we also determined the dose response of 2-iodoacetamide and compounds 1, 4, and 6 (supplementary material). All compounds showed a dosedependent decrease of the MSTI signal and exhibited an IC 50 value between 35 and 46 µM. Interestingly, the efficacy of 2-iodoacetamide and compound 4 (partial inhibition) was significantly different from compounds 1 and 6 after an incubation time of 1 h.
With the optimized MSTI assay conditions-PBS (50 mM, pH 7.4, 150 mM NaCl), MSTI (30 µM), compound (100 µM), 5% methanol, 2% DMSO, and 0.01% NP40-we then screened a library of small molecules. The Library of 1280 Pharmacologically Active Compounds (LOPAC 1280 ; Sigma Aldrich, St. Louis, MO) was used to determine the quality of the assay and the ability to identify compounds that are reactive toward nucleophiles mimicked by MSTI. Each LOPAC compound was measured at a concentration of 100 µM in triplicate (Fig. 4) .
The Z′ values of this screen ranged between 0.62 and 0.88 with a mean of 0.75 (see supplementary material). The mean fluorescence intensity of all compounds in the presence of MSTI was 107.0% of the MSTI signal with a standard deviation (σ) of 14.2%. To safely distinguish between active and inactive molecules, a cutoff of σ = 1.5 from the mean was chosen as indicated with dotted lines in Figure 4 . Observing a subset of random 224 LOPAC compounds more closely, the cutoff of 1.5σ represents an acceptable distinction between both populations (see supplementary material). In addition, the background fluorescence was determined for each LOPAC molecule (100 µM) in the absence of MSTI at a 510-nm excitation and a 650-nm emission wavelength. The vast majority of LOPAC compounds exhibited no significant fluorescence intensity in comparison with the assay media. However, 11 compounds exhibited an intrinsic fluorescence of more than 1.5σ of the mean fluorescence signal (21.3%) of MSTI (see supplementary material).
The MSTI-LOPAC screen identified 9 compounds that exhibit a fluorescence signal of more than 129% of the average MSTI fluorescence intensity and 55 compounds with less than 85% of the average MSTI signal. The summary of these compounds is provided as supplementary material. Based on the ±1.5 σ cutoff, the hit rate was 5%. The majority of the hits identified, as predicted, were electrophilic compounds (Fig. 5A) . These include transition metal complexes bearing ions such as Au 2+ and Pt 2+ , α-haloketones, quinones, nitric oxide (NO)-releasing compounds, halo-alkenes, and unsaturated carbonyl compounds. Several MSTI conjugates have been characterized by 1 H-NMR and MS, such as the 2-iodoacetamide-MSTI conjugate (see supplementary material). Other compounds identified are those that can undergo a conversion to an electrophilic compound such as β-aminoketones (conversion into unsaturated ketones) and 2-chloroamine derivatives (conversion into aziridines) (Fig. 5B) . Interestingly, we also identified lansoprazole, a proton-pump inhibitor that forms disulfide bonds with cysteine residues. The same mode of action has been reported for positive control compound 5, rabeprazole (Fig. 3B) .
This assay also identified the compound class of apomorphines (Fig. 5C) . A possible explanation could be the formation of the corresponding diketone during the storage in DMSO, which has been reported. 27 The diketones, in contrast to the norapomorphines, have a red-shifted absorbance and appear with a blue-green discoloration, which might be the underlying mechanism for these false-positive hits. Finally, disulfides within the LOPAC screening collection were identified as hit compounds (Fig. 5D) . These compounds are likely to be reduced by MSTI followed by the formation of oxidized MSTI species with reduced fluorescence intensity.
Discussion
Molecules that react with thiols such as cysteine have the potential to nonselectively modulate proteins and alter their modes of action, which is one of the hallmarks of promiscuous inhibition. The identification of such compounds is now possible with the MSTI assay. The MSTI molecule bears a nucleophilic thiol group that can easily react with electrophiles to form MSTI adducts. The covalent bond formation has a dramatic influence on the fluorescent properties of MSTI, significantly reducing its fluorescence at 650 nm. The MSTI assay only requires an incubation time of 30 min, and although optimized for a 384-well format, it is easily convertible to a 1536-well format, including a single centrifugation step of the assay plates (Adam Yasgar, unpublished observations). The application of a precursor, acetyl-MSTI, has the advantage that the reactive MSTI probe can be reliably produced in situ, thus circumventing any challenging storage regimes for MSTI. The MSTI assay is the first HTS assay that identifies thiol-reactive small molecules among screening library compounds. This assay also confirms the mode of action of irreversible inhibitors among LOPAC library compounds as shown for a selection of active molecules and their corresponding MSTI adducts (supplementary material). The reaction between MSTI and thiol-reactive compounds is dose dependent with a similar affinity but different efficacy, which could represent the difference between weak and strong electrophiles. The far-red detection of MSTI limits the number of molecules interfering with the assay, which was 0.85% for the LOPAC screening library. These molecules represent the largest group of false positives. The assay has an excellent reproducibility (Z′ > 0.6) and standard deviation of <5% for each compound. We anticipate that the MSTI assay will be a helpful tool to quickly identify potential promiscuous inhibitors among screening hits and enable the fast identification of the mode of action of hit compounds with regard to their ability to react with nucleophilic protein residues. 
Supporting Information
The supplementary material includes the mass spectra, 1 H-NMR, and fluorescence spectra of products formed between MSTI and other small molecules; quantification of the conversion of acetyl-MSTI to MSTI; dose-response analysis of active compounds; time dependency of Z′; evaluation of MSTI-LOPAC screening results; and MSTI-LOPAC hit compounds with their % MSTI values.
